ABSTRACT -We investigated the effects of a protein kinase C inhibitor and a tyrosine kinase inhibitor on the cellular injury induced by cephaloridine in an established renal epithelial cell line, LLC-PK 1 . Cephaloridine increased the leakage of lactate dehydrogenase (LDH) from LLC-PK 1 cells into the medium and also caused an increase in the level of lipid peroxide (index of oxidative stress) in the cells. Treatment of the cells with a hydroxyl radical scavenger, dimethylthiourea (DMTU), inhibited the increases in LDH leakage and lipid peroxidation in LLC-PK 1 cells exposed to cephaloridine. A protein kinase C inhibitor, H-7, and tyrosine kinase inhibitors, genistein and lavendustinA, inhibited the increases in LDH leakage and lipid peroxidation in LLC-PK 1 cells exposed to cephaloridine. These results suggest that a signaling pathway which involves protein kinase C and tyrosine kinase plays a role in the generation of reactive oxygen species in LLC-PK 1 cells damaged by cephaloridine.
INTRODUCTION
Cephaloridine is a first-generation cephalosporin antibiotic that induces acute renal failure in human subjects and laboratory animals (Atkinson et al., 1966) . The nephrotoxicity of cephaloridine is characterized by acute proximal tubular necrosis (Silverblatt et al., 1970) and is mainly dependent upon its accumulation and the maintenance of a high concentration in the renal cortex (Tune, 1975) . Cephaloridine is taken up actively by the proximal tubular cells from blood via an organic anion transport system (Takeda et al., 1999) . High intracellular concentrations of cephaloridine are attained in the proximal tubular cells, which are critical to the development of nephrotoxicity. The biochemical mechanism of cephaloridine's nephrotoxicity is probably lowering the glutathione level and raising lipid peroxide levels in the renal cortex (Suzuki and Sudo, 1990; Rush and Ponsler, 1991) , especially in microsomes and mitochondria (Goldstein et al., 1986; Kiyomiya et al., 2000) .
Protein kinase C is a family of protein kinases that specifically phosphorylate ser/thr. The family has at least 12 members which are broadly classified based on the characteristics of their activation (Dempsey et al., 2000; Hayashi et al., 1999) . The conventional protein kinase C isozymes (protein kinase C α, βI, βII, and γ) are calcium-and diacylglycerol-activated enzymes, whereas the novel isozymes (ε, θ, η, and δ) and atypical isozymes (ζ, ι, ν, and µ) are calcium-independent but activated by distinct lipids (Nishizuka, 1992; Dempsey et al., 2000) . Protein kinase C is present in the mammalian kidney cortex, renal brush border membrane and basolateral membrane of the renal proximal tubules (Barrett et al., 1985; Pfaff et al., 1999) . In situ hybridization and immunohistochemistry show it to be distributed mostly to the S3 segment of the proximal tubule located in the outer stripe of the outer medulla.
Previous studies have shown that the activation of protein kinase C induces the production of reactive oxygen species (ROS) in many different types of cells including renal cells (Miyanoshita et al., 1989; Aoyagi et al., 2000; Kohda and Gemba, 2002) . The protein kinase C inhibitors H-7 and phloretin protect against the membrane damage and lipid peroxidation induced by exposure to free radicals (von Ruecker et al., 1989) . The identity and spatial distribution of the various protein kinase C isozymes that are expressed and activated during acute renal injury have been partially analyzed. In a previous report, La Porta and Comolli (1993) have found an enhanced expression of protein kinase Cα, β, and ε and increased activity of protein kinase Cα have been observed after ischemic renal injury for 30 min followed by reperfusion for 2 hr. But then, the activation of protein kinase C isozymes in the porcine kidney proximal tubular cell line LLC-PK 1 prior to oxidative injury protects cells from necrosis (Polosukhina et al., 2003) .
There is a report that ROS influences the activities of protein kinase C, tyrosine kinase, and MAP kinase and the regulation of a transcription factor, NF-κB, though there is also a report that the activation of NF-κB can increase the intracellular ROS level (Kim et al., 2002) . Protein tyrosine kinase inhibitors have been proposed to reduce pulmonary injury and renal ischemia/reperfusion injury in the rats (Kang et al., 2001; Chatterjee et al., 2003) .
So, we examined the relationship between the damage caused by free radicals generated by cephaloridine and the intracellular signal transduction, using a renal epithelial cell line having the characteristics of proximal tubules.
MATERIALS AND METHODS

Cell culture
LLC-PK 1 cells were obtained from the American Type Culture Collection (Rockville, MD, USA) and used between passages 127 and 136. Cells were grown on plastic tissue-culture dishes in Dulbecco's modified Eagle's medium/Nutrient Mixture F12 (DMEM/F-12) supplemented with 5% fetal bovine serum (FBS). The culture was incubated at 37°C with 5% CO 2 -95% air in humidified incubator. The cells were subcultured every 4 days, reaching confluence on Day 4 as verified by the formation of domes (Gstraunthaler, 1988) .
Assessment of cellular injury
Confluent cells were washed with phosphatebuffered saline (PBS) and incubated in serum-free DMEM/F-12 with various concentration of cephaloridine (0.5, 1.0, 1.5, 2.0 mM) for 24 and 36 hr. At the end of each experiment, the medium was removed and the cells were lysed in 400 µL of lysis buffer (10 mM TrisHCl buffer pH 7.4, 0.15 mM KCl, 3 mM EDTA and 1% Triton X-100) at 4°C, collected with a scraper and briefly sonicated. An index of cellular injury was established based on the leakage of lactate dehydrogenase (LDH) from the renal cells into the medium. The level of LDH activity released from the cells treated with cephaloridine was measured using the supernatant obtained after centrifuging the medium. The level of activity of LDH was determined using a commercial kit (Wako Pure Chemical Industries, Ltd., Osaka).
Measurement of lipid peroxide level
To assess the role of oxygen radicals in the genesis of cellular injury caused by cephaloridine, the levels of lipid peroxide in the cells were estimated. The lipid peroxide level was measured as the concentration of thiobarbituric acid-reactive substances (TBARS) as described by Buege and Aust (1978) .When the effects of dimethylthiourea (DMTU) or H-7, genistein and lavendustin A were examined, cells were preincubated for 2 hr with serum-free medium containing 30 mM DMTU, 25 µM H-7, 25 µg/mL genistein or 5 µM lavendustin A and incubated with cephaloridine.
Statistical analysis
Data are expressed as the mean ± S.E. and were statistically compared using the one-way ANOVA with Dunnett's test (Dunnett, 1964) or unpaired Student's ttest (Steel and Torrie, 1980) in different experiments. Fig. 1 shows the effect of cephaloridine at various concentrations on the LLC-PK 1 cells. Cephaloridine increased the release of LDH from cell and this effect was dose-dependent. Changes in the release of LDH and in the TBARS content of LLC-PK 1 cells are shown in Fig. 2A and 2B , respectively. A significant increase in the release was induced by 1.0 mM cephaloridine after 36 hr (Fig. 2A) . The peroxidation of lipids in LLC-PK 1 cells exposed to cephaloridine was enhanced significantly after 24 hr (Fig. 2B) . These results indicated that cephaloridine evoked an increase in lipid peroxidation before causing a significant increase in the release of LDH from LLC-PK 1 cells.
RESULTS
Effect of cephaloridine on LLC-PK 1 cells
Effect of a radical scavenger on the cytotoxicity of cephaloridine Fig. 3 shows the effects of a hydroxyl radical scavenger, DMTU on the TBARS level and cell injury Vol. 30 No. 3 induced by cephaloridine. DMTU (30 mM) markedly suppressed the increases in level of lipid peroxidation and LDH release.
Effects of inhibitors of protein kinase C and tyrosine kinase on the cytotoxicity of cephaloridine
We investigated the influence of a protein kinase C inhibitor, H-7 (25 µM), and a tyrosine kinase inhibitor, genistein (25 µg/mL), on cell injury and level of lipid peroxide induced by cephaloridine. H-7 completely inhibited the increase in level of lipid peroxide in LLC-PK 1 cells, and reduced the rate of LDH release to the control level ( Fig. 4A and 4B ). Genistein also significantly suppressed the increase in level of lipid peroxide and LDH release from LLC-PK 1 cells ( Fig.  4A and 4B ). Protective effect of genistein was weak as compared with that of a protein kinase C inhibitor, H-7.
Effect of tyrosine kinase inhibitor on the injury induced by cephaloridine
We examined the effects of another tyrosine kinase inhibitor, lavendustin A, which was more specific, on the damage to cells induced by cephaloridine. The increase in LDH release into the medium and level of lipid peroxide caused by cephaloridine was completely reversed by the treatment of LLC-PK 1 with lavendustinA (Fig. 5) .
DISCUSSION
Cephaloridine induced an increase in lipid peroxidation and the leakage of LDH in LLC-PK 1 cells. The renal cell damage caused by cephaloridine was prevented by a hydroxyl radical scavenger, DMTU. These results demonstrate that the increase in lipid peroxidation probably played an important role in the development of cellular injury induced by cephaloridine in LLC-PK 1 . Previous studies have demonstrated that cephaloridine generates oxygen radicals which react with membrane lipids to cause lipid peroxidation and
Fig. 3. Effect of dimethylthiourea (DMTU) on the release of LDH (A) and level of lipid peroxide (TBARS) (B) in LLC-PK 1 cells exposed to cephaloridine (CER).
LLC-PK 1 cells were incubated in serum-free medium containing 1 mM cephaloridine with or without DMTU, a hydroxyl radical scavenger, for 36 hr. Values represent the mean ± S.E. of four to fifteen experiments. *p<0.0001, compared to the control values, #p<0.0001, compared to CER alone (None).
Fig. 4.
Effects of H-7 and genistein on the release of LDH (A) and level of lipid peroxide (TBARS) (B) in LLC-PK 1 cells exposed to cephaloridine (CER). LLC-PK 1 cells were incubated in serum-free medium containing 1 mM cephaloridine with or without H-7, a protein kinase C inhibitor, and genistein, a tyrosine kinase inhibitor, for 36 hr. Values represent the mean ± S.E. of four to fifteen experiments. *p<0.0001, compared to the control values, #p<0.0001, compared to CER alone (None).
then nephrotoxicity (Goldstein et al., 1986; Suzuki and Sudo, 1990 ). The present study was designed to examine the contribution of oxidative stress and intracellular signal transduction to the renal cell damage induced by cephaloridine. Inhibitors of protein kinase C and tyrosine kinase markedly suppressed the damage and also prevented an increase in level of lipid peroxide in LLC-PK 1 cells exposed to cephaloridine. These results demonstrate that the damage from free radicals generated by cephaloridine is associated with the activation of protein kinase C and tyrosine kinase.The production of oxygen radicals in response to cephaloridine may be due to the activation of protein kinase C and tyrosine kinase in the cells. We have previously reported that treatment of rats with cephaloridine induces nephrotoxicity and causes the activation of protein kinase C and an increase in ROS in the kidney (Kohda and Gemba, 2002) . Furthermore, in this study, our results demonstrated that tyrosine kinase also plays an important role for renal cell injury induced by cephaloridine. The superoxide-generating enzyme, NADPH oxidase, is a multiprotein complex that comprises a membrane-bound flavo-cytochrome b composed of two subunits and four main cytosolic factors (Rotrosen et al., 1992) . Some protein kinases are involved in regulating the activity of NADPH oxidase in which the protein kinase C family appears to play a major role (Dang et al., 2001; Korchak and Kilpatrick, 2001 ).
NADPH oxidase exists in nonphagocytic cells of the vascular smooth muscle, endothelium, carotid body, lung, and kidney. In the kidney, the source of superoxide radicals is the renal NADPH oxidase which is highly expressed in the proximal tubules of the renal cortex (Shiose et al., 2001) . But it is unclear whether cephaloridine stimulates NADPH oxidase through the activation of protein kinase C in LLC-PK 1 cells.
Reactive oxygen species (ROS) are generated by all mammalian cells as products of metabolism or apoptotic signaling and by some cells as a defense against noxious stimuli (Williams and Kwon, 2004; Adler et al., 1999) . Overproduction of ROS in cells is thought to be associated with pathophysiological processes including inflammatory responses, apoptosis or ischemia/reperfusion. Protein tyrosine kinase inhibitors have been proposed to reduce pulmonary injury and renal ischemia/reperfusion injury in the rats (Kang et al., 2001; Chatterjee et al., 2003) . The tyrosine kinase inhibitor, lavendustin A, suppressed the augmentation of lipid peroxidation in LLC-PK 1 cells exposed to cephaloridine. These results suggest that cephaloridine probably generates reactive oxygen species via an active tyrosine kinase.
It is recognized that low levels of oxidants can modify cell-signaling proteins such as protein kinase C and tyrosine kinase. The intracellular redox status is important to the mechanism regulating protein confor- mation and function (Dalton et al., 1999) . There is considerable evidence that oxidative stress increases the activity of a signaling pathway which involves protein kinases. But our results suggest that the activation of protein kinases promotes the production of reactive oxygen species.
In conclusion, it is demonstrated from the present study that cephaloridine activates protein kinase C and tyrosine kinase to generate reactive oxygen species which induce cellular injury in LLC-PK 1 cells.
